Acute myeloid leukemia (AML) is a heterogeneous cancer that represents the most common form of acute leukemia in adults^[@R2]^. Cytogenetic and molecular profiling of human AML samples has identified a range of missense mutations, translocations, and large chromosomal events that can be associated with different patient outcomes^[@R1],[@R3]^. Among the most common genetic events in AML involve gain-of-function mutations in the RAS pathway, including activating mutations of *KRAS* and *NRAS* genes themselves or upstream receptor tyrosine kinases *FLT3* or *KIT*^[@R1],[@R3]^. Each of these mutations produce altered proteins that directly or indirectly drive RAS GTPase into a constitutively active GTP bound state^[@R4]^, and lead to leads to constitutive activation of the mitogen activated protein kinase (MAPK) and phosphoinositide-3-kinase (PI3K) pathways^[@R4]^. While these lesions are considered important drivers of disease, *RAS* mutations alone are often unable to produce the high levels of MAPK and PI3K signaling necessary for malignant transformation without corresponding increases in mutant *KRAS* or *NRAS* copy number or other mechanisms that increase RAS output^[@R5],[@R6],[@R7]^.

Previously we found that *Kras*^G12D^ activation cooperates with RNAi-mediated *Trp53* inactivation to induce AML in mice^[@R8]^, and these AMLs had markedly elevated levels of pERK (a MAPK effector) and pS6 (an effector of both MAPK and PI3K) in both primary leukemia and transplanted secondary AML, even in the absence of cytokine GM-CSF stimulation ([Fig. 1a, 1b](#F1){ref-type="fig"})^[@R8]^. However, consistent with previous work^[@R5],[@R6],[@R9],[@R10]^, Kras^G12D^alone was unable to trigger a basal or cytokine-induced increase in pERK or pS6 levels in bulk bone marrow cells, Kit^+^ progenitors, or Mac-1^+^ mature myeloid cells as assessed by flow cytometry ([Fig. 1a, 1b](#F1){ref-type="fig"}, [Supplementary Fig. 1a-d](#SD1){ref-type="supplementary-material"}). Thus, while highly activated Ras signaling appears to be an intrinsic feature of these AMLs, endogenous expression of oncogenic Kras^G12D^ is insufficient to sustain constitutive activation of downstream effectors in non-transformed myeloid cells. While in some systems high pErk levels can be achieved via somatic duplication or amplification of the *Kras^G12D^* allele ^[@R5],[@R6]^, these events cannot explain the strong pathway activation occurring in our AML model as no increase in *Kras^G12D^* allele balance^[@R8]^ or protein levels was observed ([Supplementary Fig. 1e](#SD1){ref-type="supplementary-material"}).

It is well-established that Ras activation can trigger compensatory feedback mechanisms that dampen signaling output^[@R11],[@R12],[@R13]^. To test whether such mechanisms might modulate Ras signaling during leukemogenesis, we generated wildtype (WT) or Kras^G12D^-expressing hematopoietic stem and progenitor cells (HSPCs) by transducing WT or *LSL-KRas*^G12D^ fetal liver cells with a GFP-coupled, self-deleting CreER (LGmCreER)^[@R8]^. After addition of tamoxifen to induce Cre activity and thereby activate the *Kras^G12D^* allele^[@R8]^, we quantified the expression of ten known negative feedback genes^[@R11]^ in GFP^+^ cells expressing myeloid markers ([Supplementary Fig.1f](#SD1){ref-type="supplementary-material"}). Quantitative RT-PCR analysis revealed that *Spry4* was significantly up-regulated by mutant Kras expression ([Fig. 1c](#F1){ref-type="fig"}) but under-expressed in *Kras*^G12D^;*shp53* leukemia compared to normal bone marrow ([Fig. 1d](#F1){ref-type="fig"}).

The inverse correlation between *Spry4* expression and Ras effector pathway activation was particularly interesting given the role of Sprouty proteins as negative regulators of Ras/MAPK signaling during development^[@R14]^. To test whether a Spry4-mediated feedback limits Ras induced leukemogenesis, we used the established transplantation-based approach to assess the impact of Spry4 suppression on *Kras*^G12D^-induced leukemogenesis^[@R8],[@R15]^. In this approach, control and *Spry4* shRNAs ([Supplementary Fig. 2a, 2b](#SD1){ref-type="supplementary-material"}) were transduced into *LSL-Kras*^G12D^ HSPCs using the LGmCreER vector and the resulting cells were treated with tamoxifen to activate *Kras*^G12D^. Mice receiving HPSCs transduced with each of three *Spry4* shRNAs displayed accelerated onset of T-cell lymphoma driven by oncogenic Kras^[@R16],[@R17]^([Supplementary Fig. 2b](#SD1){ref-type="supplementary-material"}). Thus, Spry4 suppression cooperates with Kras^G12D^ during tumorigenesis.

To assess whether Spry4 can also limit the development of myeloid leukemia, we biased the system against lymphoid disease by using C57BL/6J mice devoid of thymi (Foxn1^nu^) as recipients. In these studies, we transduced two of the *Spry4* shRNAs validated above into *LSL-Kras*^G12D^;*Trp53*^+/−^ HSPCs, anticipating loss of the wild-type *Trp53* allele during leukemogenesis. Again, both *Spry4* shRNAs accelerated disease onset ([Fig. 2a](#F2){ref-type="fig"}) (112 and 215 median survival for recipients of *Kras*^G12D^;*Trp53*^+/−^;*shSpry4* (KP-S) and *Kras*^G12D^;*Trp53*^+/−^;*shCtrl* (KP-C) HSPCs, respectively *p* \<0.01). Interestingly, *Trp53* remained intact in both KP-S and KP-C leukemias, suggesting p53 can function as a haploinsufficient tumor suppressor in this model ([Supplementary Fig.2c](#SD1){ref-type="supplementary-material"}). Histopathological analyses of moribund animals revealed all KP-S and KP-C recipient mice developed histiocytic sarcomas, an aggressive tumor of monocyte-derived cells that manifests in spleen and liver ([Fig. 2b](#F2){ref-type="fig"}, [Supplementary Fig. 3a](#SD1){ref-type="supplementary-material"}). Flow cytometry indicated that the spleens from KP-S recipients were massively enriched for cells expressing intermediate levels of the myeloid marker Mac-1 ([Fig. 2c](#F2){ref-type="fig"}), and that these cells showed elevated levels of both pErk and pS6, which was exacerbated by serum stimulation ([Fig. 2c](#F2){ref-type="fig"}). Importantly, the leukemic cells isolated from two independent KP-S mice induced secondary disease in sub-lethally irradiated recipient mice at 100% penetrance ([Supplementary Fig. 3b](#SD1){ref-type="supplementary-material"}). These results demonstrate that Spry4 knockdown accelerates leukemia onset and potentiates Kras-mediated myeloid transformation by increasing Ras signaling output.

In humans, *SPRY4* is located at chromosome 5q31.3 and is frequently deleted in the context of del(5q) in patients with myelodysplastic syndrome (MDS), complex karyotype AML (CK-AML), and therapy-related myeloid neoplasms (t-MN)^[@R18],[@R19],[@R20]^. Analysis of data from The Cancer Genome Atlas (TCGA)^[@R1],[@R21],[@R22]^revealed that *SPRY4* is deleted in 17 out of 187 AML patients (9% overall deletion rate), as part of chromosome 5q ([Fig. 3a](#F3){ref-type="fig"} top). These findings were confirmed in a separate cohort of 35 AML/t-MN. Here, *SPRY4* deletion, defined by SNP array analysis, was found in 12 of 13 samples with karyotyping-confirmed 5q abnormalities, as well as in one other sample with unknown cytogenetic information ([Fig. 3a](#F3){ref-type="fig"} bottom). These observations, together with our functional studies, suggest a role for *SPRY4* in human leukemia.

Although oncogenic Kras and Spry4 suppression can cooperate during tumorigenesis, *KRAS* and *NRAS* mutations are rarely observed in human del(5q) AML^[@R23],[@R24]^. Indeed, while 42% of human AMLs have gain-of-function RAS pathway mutations (*KRAS*, *NRAS*, *FLT3*, *KIT*), such mutations were significantly underrepresented in del(5q) AML harboring *SPRY4* deletion (only 3 out of the 17, Fisher's exact test p = 0.025). Instead, *SPRY4* deletion/del(5q) often co-occurs with *TP53* mutations and/or deletion of its locus on chromosome 17p ([Fig. 3b](#F3){ref-type="fig"}, [Supplementary Fig. 4, Supplementary Fig. 5a, 5b](#SD1){ref-type="supplementary-material"}, *p* \< 0.0005). In addition to *SPRY4*, del(5q) AML frequently harbors losses of other negative RAS regulators including *RASA1* (p120-RasGAP, 5q), *DUSP1* (5q), *DUSP14* (17q), and *NF1* (17q) ([Fig. 3b](#F3){ref-type="fig"}, [Supplementary Fig. 4, and Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}. Odds Ratio \> 10, *p* \< 0.0005 for all combinations by cBioPortal, see cBioPortal link). Interestingly, analysis of transcriptional profiles revealed a significant overlap between gene ontology categories enriched in *SPRY4*/5q deletion AML and *NRAS* mutant AMLs (6 overlapping pathways; 5 down-regulated and 1 up-regulated; p-value = 1.7x10^--5^) ([Supplementary Fig. 6a](#SD1){ref-type="supplementary-material"}). In addition, these *SPRY4*/5q AMLs displayed a gene-set enrichment signature and a global gene expression pattern similar to AML harboring *NRAS* or *KRAS* mutations ([Supplementary Fig. 6b, 6c](#SD1){ref-type="supplementary-material"}). These results suggest that del(5q) AML may acquire RAS pathway activation through combined loss of negative regulators rather than mutational activation of a single pathway component.

We next tested whether combined inhibition of RAS negative regulators could drive AML in the absence of an activated *Ras* allele. Given the significant co-occurrence of *SPRY4, NF1*, and *TP53* deletions in del(5q) AML (*p* \< 0.0001, [Supplementary Fig. 5b](#SD1){ref-type="supplementary-material"}), we chose to co-suppress Spry4 and Nf1 in a p53 null background using the HPSCs transduction/transplantation system described above. In this iteration, we knocked down Nf1 or Spry4 alone by introducing shRNAs coupled to mCherry (sh*Nf1*) or GFP (sh*Spry4*) together with a control shRNA targeting Renilla Luciferase (sh*Ren*) of opposite color^[@R25]^, or in combination with each other, in *Trp53*^−/−^ HSPCs ([Fig. 4a](#F4){ref-type="fig"} for experimental design). Interestingly, suppression of *Nf1* alone led to an up-regulation of *Spry4* and vice versa ([Supplementary Fig. 7a](#SD1){ref-type="supplementary-material"}), suggesting a mutual compensatory process that accounts for the co-occurring deletions of multiple genes in this pathway. Accordingly, pErk and pS6 levels were significantly increased in premalignant sh*Nf1*;sh*Spry4* cells compared to sh*Nf1*-only cells, indicating that *Spry4* contributes to a negative feedback when Ras signaling is deregulated ([Supplementary Fig. 7b](#SD1){ref-type="supplementary-material"}).

Thymectomized mice transplanted with *Trp53^−/−^* HPSCs transduced with *Spry4* and *Nf1* shRNAs displayed accelerated leukemia onset compared with mice transplanted with any of the controls ([Fig. 4b-d](#F4){ref-type="fig"}, [Supplementary Fig. 8a](#SD1){ref-type="supplementary-material"}). The *Trp53*^−/−^;sh*Nf1*;sh*Spry4* moribund mice presented with splenomegaly, increased white blood cell counts, and anemia ([Fig. 4b](#F4){ref-type="fig"}), leading to a reduced overall survival ([Fig. 4c](#F4){ref-type="fig"}, median survival of 42 days in sh*Nf1*;sh*Spry4* recipients as compared to 78 days in sh*Nf1* only recipients. *p* \< 0.0001 vs. sh*Ren*, *p* = 0.0027 vs. sh*Nf1*). As expected, these *Trp53*^−/−^;sh*Nf1*;sh*Spry4* leukemia cells displayed high levels of Ras signaling ([Supplementary Fig. 8b](#SD1){ref-type="supplementary-material"}). Histopathological analyses indicated that these animals displayed leukemic blasts in the peripheral blood, their bone marrow and spleens had disrupted architecture, and leukemia cells had disseminated into the liver and other organs ([Fig. 4d](#F4){ref-type="fig"}). Leukemic cells expressed modest levels of Gr-1, Mac-1, and Ter-119 but lacked B220 and CD3ε, as well as an increased proportion of Lin^−^;Kit^+^ myeloid progenitors consistent with an immature myeloid phenotype ([Supplementary Fig. 9a, b](#SD1){ref-type="supplementary-material"}). Leukemic cells harvested from both bone marrow and spleen produced secondary malignancies identical to the primary disease when transplanted into sub-lethally irradiated recipients, whereas *Trp53*^−/−^;sh*Nf1* disease failed to do so within the same time frame (data not shown). Thus, suppression of Spry4 and Nf1 cooperate in the p53 deficient background to produce AML of an early hematopoietic phenotype with myeloid maturation.

The studies above functionally validate a new tumor suppressor in del(5q) AML and in doing so provide insights into its etiology. While *CSNK1A1*, *RPS14, EGR1*, and *APC* have been implicated as putative tumor suppressors on this chromosome arm, the mechanism(s) by which alterations in each contribute to leukemogenesis alone or in combination is not completely understood^[@R26],[@R27],[@R28],[@R29]^. Our finding that *SPRY4* is frequently co-deleted with other negative regulators of RAS signaling suggests that one mechanism by which del(5q) can contribute to leukemogenesis is by augmenting flux through the RAS pathway. The lack of frequent mutation or silencing of the remaining allele for any gene in del(5q) deletions implies that tumor suppressors in this region are haploinsufficient^[@R28],[@R29]^. Accordingly, we found that the levels of *Spry4* mRNA in sh*Spry4* leukemia were halved ([Supplementary Fig. 8c](#SD1){ref-type="supplementary-material"}). These findings are consistent with the emerging view that large chromosomal deletions can contain multiple haploinsufficient tumor suppressors whose combined attenuation functionally cooperates during tumorigenesis^[@R30],[@R31],[@R32]^.

In addition, our results suggest a mechanism for RAS pathway activation in del(5q) AML that may have broader significance. In contrast to other AML subtypes in which RAS signaling is activated by mutating the *NRAS*, *KRAS*, or *FLT3* oncogenes, del(5q) AMLs harbor losses of multiple RAS-signaling negative regulatory genes which can functionally cooperate to achieve high levels of RAS pathway activation. The loss of multiple negative regulators may be necessary given the typically less-potent induction of Ras-activation by negative regulator loss^[@R33]^. Thus, in addition to *SPRY4* and *NF1*, *RASA1* (5q13), *DUSP1* (5q34), and *DUSP14* (17q12) are also frequently deleted in del(5q) AML and may play an important role in human disease progression. Previous work in lymphoma provides support for this model of tumor suppression, where combined haploinsufficiencies of genes in the same pathway, rather than two "hits" in a single gene, can promote tumorigenesis^[@R25]^. Interestingly, we noted that additional cancer types with low rates of activating mutations in the RAS pathway, such as prostate adenocarcinoma (TCGA, provisional)^[@R21],[@R22]^and glioblastoma^[@R34]^, can delete multiple negative regulators that, in principle, may contribute to pathway activation in these tumor types (heterozygous/homozygous deletions of RAS negative regulators seen in 46.1% and 97.2% of cases, respectively). As such, a more thorough investigation of the functional consequences of these deletions is clearly warranted, particularly given that this could broaden patient stratification for RAS pathway targeted therapies.

Materials and methods {#S1}
=====================

Retroviral constructs {#S2}
---------------------

LMP, LGmCreER and LMS vectors have been described previously^[@R35],[@R36]^. miR30-shRNAs targeting murine orthologs of the *Spry4* gene were designed using DSIR, PCR-amplified from 97-mer oligonucleotides using specific primers, digested with XhoI/EcoRI and cloned into predigested MSCV-miR30-PGK-Puromycin (LMP), MSCV-GFP-miR30-PGK-Cre (LGmCreER), or MSCV-miRe-SV40-GFP/mCherry (LMS) retroviral vectors and sequence-verified as previously described^[@R37],[@R38]^. LMP constructs were used for testing shSpry4 knockdown efficiency in 3T3 cells, LGmCreER constructs were used in *LSL-Kras*^G12D^, *LSL-Kras*^G12D^;*Trp53*^+/−^hematopoietic stem and progenitor cells (HSPCs) to introduce both self-deleting CreER and sh*Spry4*, and LMS constructs were used in *Trp53*^−/−^ HSPCs to introduce sh*Spry4* and sh*Nf1* independently. All shRNA guide sequences are listed in [Supplementary Table 1](#SD2){ref-type="supplementary-material"}.

Mouse strains {#S3}
-------------

All mouse strain-related experiments were performed under the approval of the CSHL Animal Care and Use Committee and/or the MSKCC Institutional Animal Care and Use Committees. *LSL-Kras*^G12D^ and *Trp53*^−/−^ mice were backcrossed onto the C57BL/6 background for more than six generations. Genotyping was performed according to standard protocols available at <http://mouse.ncifcrf.gov>. Syngeneic C57BL/6 mice (Charles river) were used as recipients in the *LSL-Kras*^G12D^;sh*Spry4* HSPCs transplantation experiment shown in [Supplementary Fig.2b](#SD1){ref-type="supplementary-material"}. B6.Cg-Foxn1nu/J mice were purchased from the Jackson Laboratory (Stock number: 000819) and used as recipients in *LSL-Kras*^G12D^;*Trp53*^+/−^ HSPCs transplantation experiments shown in [Fig.2](#F2){ref-type="fig"}, and thymectomized C57BL/6 mice were purchased from Jackson Laboratory (<http://jaxmice.jax.org/preconditioned/surgical/pricing.html>), and used as recipients in the *Trp53*^−/−^;sh*Nf1*;sh*Spry4* HSPCs transplantation experiments shown in [Fig.4](#F4){ref-type="fig"}.

HSPC isolation, retroviral transduction, and transplantation {#S4}
------------------------------------------------------------

HSPC isolation and retroviral transduction were performed as described previously^[@R35]^. In brief, d13.5-15.5 fetal liver cells of wildtype (WT), *LSL-Kras*^G12D^, *Trp53*^−/−^ and *LSL-Kras*^G12D^;*Trp53*^+/−^ strain were collected. LGmCreER retroviral constructs containing GFP-coupled self-deleting CreER and the shRNAs described above were used in WT, *LSL-Kras*^G12D^, *LSL-Kras*^G12D^;*Trp53*^+/−^ cells to introduce both Cre and the desired shRNA. To knockdown Spry4 in *LSL-Kras*^G12D^ three shRNAs targeting *Spry4* were used individually. To knockdown *Spry4* in *LSL-Kras*^G12D^;*Trp53*^+/−^ sh*Spry4*.1865 and sh*Spry4*.2344 were used individually. Co-suppression of Nf1 and Spry4 was done by co-infecting *Trp53*^−/−^HSPCs with miRe based MLS retroviral construct containing sh*Nf1*(mCherry) and three pooled shRNAs targeting *Spry4*(GFP). To induce Cre activity in vitro, infected HSPCs were treated with 0.2 μM 4-OHT (Sigma-Aldrich; dissolved in 95% cold ethanol) for 36--48 h. Approximately 2 x10^6^ cells were injected into the tail vein of 8-10-wk-old lethally irradiated syngeneic C57BL/6 mice (8.2 Gy total in single dose), 10-wk-old lethally irradiated B6.Cg-Foxn1nu/J mice (6.5 Gy total in single doses), or 10-wk-old lethally irradiated thymectomized C57BL/6 mice (7.5 Gy total in single dose) (Gammacell 40 Exactor; MDS Nordion). For secondary leukemia transplantation, \~1x10^6^ leukemia cells harvested from bone marrow or spleen were transplanted into sub-lethally irradiated syngeneic C57BL/6 recipient mice (4.5 Gy as single dose).

Quantitative RT-PCR analysis {#S5}
----------------------------

To analyze induction of negative feedback regulators by oncogenic Kras expression, WT, *LSL-Kras*^G12D^ fetal liver- derived HSPCs were infected with LGmCreER without shRNA, and *Kras*^G12D^ was activated for 48 hours as described above followed by 5 days culture in the presence of cytokines as described^[@R39]^. GFP positive transduced cells were sorted before RNA extraction. Total RNA was isolated using the RNeasy Mini Kit (Qiagen) and was converted to cDNA using TaqMan Reverse Transcription Reagents (Applied Biosystems). Gene-specific primer sets were designed using Primer Express 1.5. Real-time qPCR was carried out in triplicate using SYBR Green PCR Master Mix (Applied Biosystems) on a Roche IQ5 ICycler. GAPDH or β-actin served as an endogenous control and all quantification was done using the Δ Ct method.

For assessing in vitro target gene knockdown, *Trp53*^−/−^ HSPCs were co-infected with one of four combinations of: sh*Ren*;sh*Ren*, sh*Nf1*;sh*Ren*, sh*Ren*;sh*Spry4* and sh*Nf1*;sh*Spry4* (all in sequence of mCherry;GFP). Cells were grown for 4 days and then the mCherry/GFP double positive cells from all combinations were sorted for RNA isolation and RT-qPCR analysis. For Spry4 *in vivo* knockdown, mCherry/GFP double positive *Trp53*^−/−^;sh*Nf1*;sh*Spry4* leukemias were sorted and compared to mCherry positive *Trp53*^−/−^;sh*Nf1* leukemias that eventually grew out from the sh*Nf1*-mCherry;sh*Ren*-GFP transplant shown in [Fig. 4](#F4){ref-type="fig"}). qPCR primers are listed in [Supplementary Table 2](#SD2){ref-type="supplementary-material"}.

Histocytological and molecular characterization of myeloid malignancy {#S6}
---------------------------------------------------------------------

Peripheral blood was obtained from recipient mice during leukemogenesis and at terminal disease stage and blood smears were stained with Wright-Giemsa stain. Animals were sacrificed by CO~2~ euthanasia upon severe leukocytosis, enlarged spleen and/or moribund appearance. Organs were fixed in 10% neutral buffered formalin and were processed to obtain paraffin sections for histological staining. Bone marrow cells were flushed from tibias and femurs and spleens were homogenized in IMDM containing 1% BSA. Erythrocytes were then lysed in ACK (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) for 5 min, and nucleated cells were resuspended in IMDM/1% BSA and filtered through a nylon screen (100 µm) to obtain single-cell suspensions. PCR analysis of Cre-mediated recombination was as described^[@R35]^ and *Trp53* LOH analysis was done using *Trp53* genotyping primers as described by Jackson Laboratory. . *Trp53* exon-sequencing primers are available from the authors upon request. Whole bone marrow and spleen cells were stained with antibodies for Sca-1, Kit, Mac-1, Gr-1, B220, Thy1, CD3ε, CD4, CD8 and Ter-119 (BD Biosciences and eBioscience). Flow cytometry was run on an LSR-II or Fortessa flow cytometer (BD Biosciences), and analyzed using FACSDiva (BD Biosciences) and FlowJo (Treestar) software.

Phospho-FACS {#S7}
------------

These procedures were carried out as described previously^[@R35],[@R40]^. GM-CSF was used as stimulation cytokine in initial *Kras*^G12D^;sh*p53* AML model due to the mature myeloid nature of the leukemia. In *Trp53*^+/−^;*Kras*^G12D^;sh*Spry4* experiment, serum was used as a broad extrinsic activation mechanism for Ras signaling pathway for sarcoma cells with or without the myeloid marker Mac-1. Due to the relative immature phenotype of *Trp53*^−/−^;sh*Nf1*;sh*Spry4*, IL-3 was used as it activates a broader range of cells including myeloid progenitors and mature myeloid cells. To quantify signaling intensity, relative MFI was defined as (MFI of GFP+ cells)/(MFI of GFP-cells) ([Fig.1b](#F1){ref-type="fig"}, [Supplementary Fig.1a-d](#SD1){ref-type="supplementary-material"}), and as (MFI with primary antibody)/(MFI without primary antibody) in cases of dual fluorescence markers (mCherry and GFP) used ([Supplementary Fig.7b](#SD1){ref-type="supplementary-material"}).

Immunoblotting analysis {#S8}
-----------------------

For Kras expression comparison, GFP positive *Kras*^G12D^ only and *Kras*^G12D^;sh*p53* leukemic cells were sorted and lysed in Laemmli buffer. Equal amounts of protein were separated on 12% SDS--polyacrylamide gels and transferred to PVDF membranes. Kras antibody (F234, sc-30) was used for detecting level of total Kras and the abundance of β-actin was monitored to ensure equal loading. Images were analyzed using the AlphaView software (ProteinSimple). For Spry4 knockdown analysis, NIH 3T3 cells were first infected with an MSCV-5xFlag-*Spry4*-hygro construct and selected with hygromycin to generate a stable line expressing Flag-Spry4. These cells were then infected with MLP-based sh*Spry4* once for low MOI and three times for high MOI. After selection with puromycin, cells were lysed for protein extraction as described^[@R41]^. The F1804 monoclonal anti-flag M2 antibody (Sigma) was used for detecting expression of Spry4.

Genomic data analysis {#S9}
---------------------

Copy number aberrations and chromosome deletions were based on available TCGA Acute Myeloid Leukemia data^[@R42]^. Raw data was downloaded from TCGA Data Portal. Cancer genome datasets and bioinformatics tools for visualizing different parameters for analysis of genomic data are accessible through MSKCC cBioPortal ([www.cbioportal.org](http://www.cbioportal.org)). Copy number states (homozygous deletion, hemizygous deletion, gain, and amplification) were determined from Affymetrix SNP 6.0 platform by the copy number analysis algorithms GISTIC (PMID:21527027) and RAE (PMID: 18784837).

Human AML samples were obtained from the University of Chicago. SNP array based copy number analyses of 35 samples are from published results^[@R43]^, and data analysis and expression level estimates were performed as described^[@R43]^. Gene set enrichment analysis was performed using the GSEA method GSEA v2.1.0 (Gene set enrichment analysis---Broad Insititute) (PMID: 16199517). Multiple testing adjusted p-value (FDR.q.val) less than 0.05 were considered statistically significant.

Statistics and general methods {#S10}
------------------------------

For animal survival studies, at least 5 mice per experimental category were used, while for biochemical studies, 3 mice per group were utilized. Significant results were subsequently confirmed in independent experiments and presented in all figures as biological replicates. Animals were housed and used randomly, and the investigators were not blinded to the experiments, with the exception of histopathological analysis. No exclusion of data was carried out, except in cases of overall survival curves, when mice were censored if premature death was caused by non-biological factors (i.e. animals euthanized for a pre-disease endpoint).

Differences between groups were calculated using *t*-test or ANOVA, or with Welch\'s correction when variance was not similar between groups. Murine gene suppression was analyzed by Column Statistics. For animal transplantation experiments, statistical evaluation of overall survival was based on the log-rank (Mantel-Cox) test for comparison of the Kaplan- Meier event time format. Co-occurrence analyses were derived from the MSKCC cBioPortal or by Fisher's exact test and a permutation test comparing the observed number of co-occurrent events with the expected number of co-occurrent events under a null distribution generated by 10,000 sample permutation (pre-existing).

Supplementary Material {#SM}
======================
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cBioPortal link

<http://www.cbioportal.org/public-portal/index.do?cancer_study_id=laml_tcga&genetic_profile_ids_PROFILE_MUTATION_EXTENDED=laml_tcga_mutations&genetic_profile_ids_PROFILE_COPY_NUMBER_ALTERATION=laml_tcga_gistic&Z_SCORE_THRESHOLD=2.0&data_priority=0&case_set_id=laml_tcga_cnaseq&case_ids=&gene_set_choice=user-defined-list&gene_list=FLT3%3AGAIN%2CAMP%2CMUT%3B%0D%0AKIT%3AGAIN%2CAMP%2CMUT%3B%0D%0AKRAS%3AGAIN%2CAMP%2CMU%3B%0D%0ANRAS%3AGAIN%2CAMP%2CMUT%3B%0D%0ATP53%3AAMP%2CMUT%2CHOMDEL%2C+HETLOSS%3B%0D%0ANF1%3AMUT%2CHOMDEL%2C+HETLOSS%3B%0D%0ADUSP14%3AMUT%2CHOMDEL%2C+HETLOSS%3B%0D%0ARASA1%3AMUT%2CHOMDEL%2C+HETLOSS%3B%0D%0ASPRY4%3AMUT%2CHOMDEL%2C+HETLOSS%3B%0D%0ADUSP1%3AMUT%2CHOMDEL%2C+HETLOSS%3B&clinical_param_selection=null&tab_index=tab_visualize&Action=Submit>

TCGA data portal

<https://tcga-data.nci.nih.gov/tcga/tcgaCancerDetails.jsp?diseaseType=LAML&diseaseName=Acute%20Myeloid%20Leukemia>.

Jackson Laboratory

<http://www.jax.org/index.html>
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![Reduced *Spry4* expression correlates with increases in Ras-signaling during Kras^G12D^induced leukemogenesis\
a. Representative phospho-signaling analysis (phospho-FACS) showing basal and cytokine-responsive (GM-CSF stimulation) pErk and pS6 levels are enhanced in *Kras*^G12D^;sh*p53* leukemia relative to non-leukemic bone marrow (BM) cells derived from WT, WT;sh*p53* or *Kras*^G12D^ (*Kras*-1, *Kras*-2) mice.\
b. Quantification of basal pErk (top) and pS6 (bottom) levels showing significant elevation of signaling in primary and secondary leukemia. Relative Mean Fluorescence Intensity (MFI) was calculated by dividing MFI of GFP^+^(LGmCreER) infected cells with MFI of GFP^−^ uninfected cells from the same animal. Data was derived from primary recipient mice transplanted with independently generated and infected HSPCs (n = 3--8 each group. \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001. Two tailed t- test, with Welch\'s correction when applicable).\
c. RT-qPCR analyses showing significant induction of *Spry4* upon Kras^G12D^ activation in HSPCs. Data was derived from two experiments using independently generated and infected HSPCs (n = 4, \* *p* \< 0.05. Two-way repeated measures ANOVA, bar graph shown as mean ± SD).\
d. RT-qPCR analyses showing RNA expression of the same genes as in (c) in *Kras*^G12D^;sh*p53* leukemia cells relative to normal BM (normalized to 1 for all genes). Note the suppression of *Trp53* and *Spry4* in all independently derived primary samples (n = 4, Column Statistics).](nihms667422f1){#F1}

![Spry4 knockdown accelerates leukemogenesis\
a. Kaplan-Meier curve of overall survival of mice reconstituted with *Kras*^G12D^;*Trp53*^+/−^;sh*Spry4* HSPCs (KP-S) in comparison with control shRNA recipients (KP-C). Data was derived from two independent experiments using independently generated and infected HSPCs (\*\* *p* \< 0.01).\
b. Representative histopathology of *Kras*^G12D^;*Trp53*^+/−^;sh*Spry4* histiocytic sarcomas: malignant cells are present in the bone marrow (BM), liver (Li) and spleen (Sp) (\* indicates histiocytes in images of liver and spleen), as shown by hematoxylin and eosin staining. Spleen includes numerous cells with a monocytic to histiocytic appearance by cytospin and Wright-Giemsa staining (bottom right panel). Size bar represents 12 microns for BM (100x), 30 microns for liver and spleen (40x), and 8 microns for cytospin (100x).\
c. (*Left*) Flow cytometry analyses showing expansion of Mac-1 intermediate population (GFP^+^Mac1^M^) in spleen of *Kras*^G12D^;*Trp53*^+/−^;sh*Spry4* (KP-S) recipients (population marked with \*). Also shown is gating strategies based on level of Mac-1 expression (GFP^+^Mac-1^+^, GFP^+^Mac-1^M^ and GFP^+^Mac1^−^).\
d. (*Right*) Representative phospho-FACS analyses showing basal and serum-responsive (Sti) pErk and pS6 levels of malignant histiocytic sarcoma cells derived from *Kras*^G12D^;*Trp53*^+/−^;sh*Spry4* (KP-S) and in *Kras*^G12D^;*Trp53*^+/−^;sh*Ctrl* (KP-C) animals. KP-S recipients show enhanced responsive pErk and pS6 levels in GFP^+^Mac1^M^ population when compared with the same cell population in *Kras*^G12D^;*Trp53*^+/−^;sh*Ctrl* (KP-C) animals. Data was derived from independent primary histiocytic sarcomas induced by independently generated and infected HSPCs (n = 2--3 each group).](nihms667422f2){#F2}

![*SPRY4* and other negative regulators of the RAS pathway are deleted in del(5q) AML\
a. (*Top Panel*) Chromosome 5 copy number analysis of AML patients published within the AML TCGA dataset. Deletions (purple) involving various regions of chromosome 5q include *SPRY4* in 17 samples. (*Bottom Panel*) In a set of 35 patients (Chicago dataset) with de novo AML or t-MNs analyzed by SNP array, 13 samples exhibit deletion of *SPRY4* (among 15 samples shown 13 samples have −5/del(5q) detected by cytogenetic analysis, of which 12 show *SPRY4* deletions; 1 additional SPRY4-deleted sample without cytogenetic information).\
b. Putative copy number alterations in the TCGA dataset showing deletion of negative feedback regulatory genes on 5q and 17q, in the context of mutation and/or deletion of *TP53*. Notably, these lack mutation and/or amplification in *FLT3*, *KIT*, and *RAS*. The genomic location and alteration frequency of all genes is shown on the left. For clarity, only the 103 cases that have the above alterations (total 187 cases) are shown (cBioPortal link in M&M section).](nihms667422f3){#F3}

![Suppression of Nf1 and Spry4 cooperate to promote myeloid leukemogenesis\
a. Schematic showing experimental design to test the cooperation between suppression of Nf1 and Spry4 in the background of Trp53 deficiency. Combinations tested were sh*Ren*;sh*Ren*, sh*Nf1*;sh*Ren*, sh*Ren*;sh*Spry4* and sh*Nf1*;sh*Spry4* (mCherry;GFP).\
b. Splenomegaly was consistently found in mice reconstituted with *Trp53*^−/−^;sh*Nf1*;sh*Spry4* HSPCs after 5 weeks. Peripheral blood analyses of *Trp53*^−/−^;sh*Nf1*;sh*Spry4* recipient mice at 8-weeks shows elevated WBC count (in K/µl) and reduced level of hemoglobin (in g/dL) (n = 2--5 in each group. \*\**p* \< 0.01, \*\*\* *p* \< 0.0001. Two tailed *t*-test, bar graph shown as mean± SD).\
c. Kaplan-Meier curve showing that mice reconstituted with *Trp53*^−/−^;sh*Nf1*;sh*Spry4* HSPCs have a significantly reduced overall survival (n = 5 in all groups. \*\**p* \< 0.01, \*\*\* *p* \< 0.0001).\
Histopathology analysis showing leukemia in peripheral blood (Bl), bone marrow (BM), liver (Li) and spleen (Sp) by hematoxylin and eosin staining. Size bar represents 20 microns for BM and spleen (100x), 50 microns for liver (40x), and 33 microns for blood (60x).](nihms667422f4){#F4}
